The scope of the present project is to quantify the effects of uniform blowing and body-force damping on turbulent boundary layers subjected to a non-uniform adverse-pressure-gradient distribution. To this end, well-resolved large-eddy simulations are employed to describe the flow around the NACA4412 airfoil at moderate Reynolds number 200, 000 based on freestream velocity and chord length. In the present paper we focus on uniform blowing and the conference presentation will include a comparison with body-force damping applied in the same region. The inner-scaled profiles of the mean velocity and of selected components of the Reynolds-stress tensor are examined and compared with the uncontrolled cases. It is known that uniform blowing and adverse-pressure gradients share some similarities in their effect on the boundary layers, and our results will show that these effects are not independent. The behaviour of the skin-friction coefficient is analyzed through the FIK decomposition, and the impact of this control strategy on the aerodynamic efficiency of the airfoil is discussed.
Introduction
The development of effective techniques for the reduction of skin friction on airfoils remains a challenging task with relevant implications both from the economical and the environmental points of view. Estimates of the potential savings in industrial applications achievable by reducing the skin-friction drag have been given, for instance, by Gad-el-Hak (2000) . Several strategies have been proposed in the last decades, including either passive (e.g. riblets, superhydrophobic surfaces) or active (e.g. blowing, wall oscillation) techniques, which have been studied both via experiments and numerical simulations (see the review of flow-control methods by Choi et al., 2008) . However, simple test cases, such as turbulent channel flow ormore seldomly -turbulent boundary layers, have been employed in those numerical studies because of the high computational cost of these simulations. These results cannot be easily generalised to more relevant cases such as the flow around wing sections because of the combined effects of wall curvature and the streamwise pressure gradient. Moreover, to fully assess the effectiveness of a control strategy for practical aeronautical applications, it is necessary to take into account its overall impact on the aerodynamic properties of the wing under study. In the present paper we describe the effect of uniform blowing on the turbulent boundary layer over the suction side of a NACA4412 profile at a Reynolds number Re c = 200, 000 (based on the inflow velocity U ∞ and the chord length c). These results an extension of those of the preliminary study at Re c = 100, 000 by .
Numerical method
The set-up of the numerical simulations is analogous to the one described in details by Vinuesa et al. (2018) , who also present the results for the uncontrolled reference cases employed here, whereas the strategies for mesh design and computation of turbulence statistics are discussed by . The code is Nek5000, developed by Fischer et al. (2008) , which uses a spectral-element method (SEM). We adopted a C-mesh with total lengths of L x = 6c and L y = 4c in the streamwise and vertical directions, as can be seen in Fig. 1 . The width of the domain in the periodic spanwise direction is L z = 0.2c. The boundary conditions are imposed considering a RANS simulation on a domain extending to a length of 200c in the streamwise and wall-normal directions. The flow is tripped on both the sides of the airfoil, at a distance of x/c = 0.1 from the leading edge. The tripping is implemented as a volumetric force in the vertical direction, which is designed to have the same effect as that of the tripping strips in experimental facilities (Schlatter andÖrlü, 2012) . The number of spectral elements is approximately 125, 000, which leads to 216 million grid points for the considered polynomial order N = 11. The resulting resolution in the tangential, wall-normal and spanwise directions is , and ∆z + = 9, respectively. The spacing is scaled in inner units, employing the viscous length l * = ν/u τ , where ν is the kinematic viscosity of the fluid, u τ = τ w /ρ is the friction velocity, τ w = ρν(dU t /dy n ) yn=0 the wall-shear stress and ρ the fluid density. We perform a well-resolved large-eddy simulation (LES) using an approach based an explicit regularisation using a relaxation term (ADM-RT), introduced by Schlatter et al. (2004) . The spectral-element mesh is shown in the insert in Fig. 1 , together with a rendering of coherent vortices. Uniform blowing is imposed through the change of the wall boundary condition, where a nonzero wall-normal velocity is imposed. The Reynolds number Re c = 200, 000 has been chosen because it is considered an acceptable compromise between computational cost and boundary-layer features comparable with those at higher Re c . With the present setup, approximately 10 flow-over times are required to obtain statistical convergence for the physical quantities of interest, which requires approximately 1.5 million CPU-hours on the HPC system Beskow of the Swedish National Infrastructure for Computing at PDC, KTH.
Results and discussion
In the present work we assess the impact of uniform blowing on the adverse-pressure-gradient (APG) turbulent boundary layer (TBL) developing on the wing suction side. The NACA4412 profile has been chosen because the suction side is subjected to an APG distribution with moderate dependency on the Reynolds number (Pinkerton, 1938 and Vinuese et al., 2018) . The Clauser pressure-gradient parameter β represents the ratio between the pressure gradient and the friction forces (Clauser, 1954) and it is defined as β = δ * /τ w dP e /dx t , where δ * is the displacement thickness and dP e /dx is the derivative of the pressure in the tangential direction. The diagnostic scaling is employed to identify the boundary-layer edge, as in Vinuesa et al. (2016) . The resulting β curves are shown in Fig. 2 for the suction side for both Reynolds numbers under study. It can be observed that for the controlled cases β is higher, which is a consequence of both δ * being larger and τ w smaller. For both cases, the blowing has an amplitude of 0.1% of U ∞ and it is localised approximately in 0.25 < x ss /c < 0.86 (where ss denotes suction side). The controlled region is chosen to be as long as possible to study how blowing affects the development of the boundary layer, but it has been limited upstream to avoid the region directly influenced by the tripping, and downstream to reduce the chance of inducing separation. In Fig. 3 we show the inner-scaled mean velocity profile at x ss /c = 0.4 and x ss /c = 0.8 before and after applying the control. The solid black lines are reference data of zero-pressure-gradient (ZPG) turbulent boundary layer (TBL) at similar friction Reynolds number, which are part of the direct numerical simulation dataset presented by Schlatter andÖrlü (2010). As discussed by Vinuesa et al. (2018) , the case at Re c = 100, 000 is dominated by low-Reynolds-number effects, a fact that explains the peculiar behaviour of the velocity profile at x ss /c 0.4. At x ss /c 0.8, because of the strong adverse pressure gradient (β 8), the inner-scaled velocity in the wake region is higher and the profiles do not show a clearly identifiable logarithmic region, at least at these low Reynolds numbers. The Re θ and Re τ curves, where Re θ is the Reynolds number based on the momentum thickness and Re τ the Reynolds number based on the friction velocity, are shown in Fig. 4 . In Fig. 5 we show selected compo- nent of the Reynolds-stress tensor at the same location as in Fig. 3 . This figure shows, on the one hand, the increased tangential velocity fluctuations and Reynoldsshear stresses due to the APG; in particular, the tangential fluctuations exhibit an outer peak at y + n 100. An additional feature of APG TBLs is the non- negligible values of the mean wall-normal component of the velocity, V n . As reported by Vinuesa et al. (2018) for the cases under study, V n exhibits a dependency on the Reynolds number when scaled in innerunits, decreasing as the Reynolds number increases (as shown in Fig. 6, top) . At the same time, V + n increases with the streamwise coordinate, a fact that is due to the increase of β. Considering the controlled cases, it appears that the effect of blowing is stronger approaching the trailing edge, a fact which is in accordance with what was previously observed for the inner-scaled mean tangential velocity. However, the relative effect of the blowing on the mean wall-normal velocity is not uniform in x, as it can be illustrated by considering the evolution of the outer-scaled wallnormal edge velocity in Fig. 6 (bottom) , defined as V e /U e (where U e the local edge velocity). The discrepancy between the controlled and the uncontrolled cases is approximately uniform up to x ss /c 0.8, the point after which it decreases. This suggests that the effect of blowing on the TBL is qualitatively different for different values of the pressure-gradient parameter β, at least for the Reynolds number under consideration. Summarising, in the controlled cases, the wall-normal convection is increased, the wall-shear stress is re- duced and the Reynolds-stress components increase, in particular in the outer region. Consequently, the inner-scaled edge velocity increases, as well as the momentum and displacement thicknesses, a fact that leads to higher Re θ and Re δ * . At the same time, the Reynolds number based on the friction velocity Re τ is reduced, together with the skin friction. From this point of view, it appears that the effect of uniform blowing on the flow is similar to that of a strong APG. The impact of the control on the skin-friction coefficient C f , defined as C f = 2τ w /(ρU 2 e ), is shown in Fig. 7 (top) . The non-monotonic behaviour of C f for Re c = 100, 000 is again a low-Reynolds-number effect. The skin-friction reduction is not uniform in x, but it increases approaching the trailing edge (where the APG is stronger), and it is observed even downstream of the controlled region. In the Re c = 100, 000 case, the control also produced a very small separated region in the proximity of the trailing edge. In Fig. 7 (bottom) we report the relative reduction due to the control. The skin friction can be studied by decomposing it as described by Fukagata et al. (2002) , in the so-called FIK decomposition:
where: C δ = 4(1 − δ 99 /δ * )/Re δ takes into account the boundary-layer thickness (Re δ = U e δ 99 /ν); C (1 − Figure 7 : (Top) Streamwise evolution of the skin-friction coefficient C f and (bottom) relative difference between the C f from the uncontrolled and the controlled cases. Colors and symbols as in Fig. 3 .
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2 I x dη is related to the inhomogeneity in the streamwise direction with
2 ∂ xt P (see also Kametani et al., 2015) . In the present case, the vertical coordinate in the original definition is substituted by the outer-scaled wall-normal coordinate η = y n /δ 99 . In Fig. 8 we show the result of the FIK decomposition for the Re c = 200, 000 case on the pressure and suction sides of the uncontrolled wing (top) and on the suction side before and after the control (bottom). By comparing the pressure and suction sides, it is possible to isolate the effects of the adverse pressure gradient. The boundary-layer term slightly decreases on both sides of the wing, due to the increase in boundary-layer thickness with x. The Reynoldsshear stress term increases on the suction and pressure sides with x due to the progressively stronger fluctuations associated to the higher local Reynolds number observed as one moves downstream. The development term presents a more complex behaviour, since it is higher on the suction than on the pressure side up to x/c 0.8, the point after which it decreases on the top surface and it becomes eventually negative close to the trailing edge, due to high wall-normal velocity associated to large values of β. Finally, the pressure term significantly decreases with x on the suction side, due to the fact that the wall-normal velocity and the streamwise pressure gradient are not negligible. The blowing effect is rather different than that of the APG from this perspective. As for APG, the boundary-layer term does not change appreciably and the Reynolds-shear stress term increases because of the energising effect of the blowing on the fluctuations in the outer region. However, because of the wall-normal component of the velocity, the development term decreases while the pressure term does not change appreciably. The net effect is a reduction in C f , since the decrease due to the development term overcomes the increase of the skin friction due to turbulence.
Despite the fact that the results above are interest- ing from a fundamental perspective, in order to understand the interaction between blowing and APG with non-uniform β distribution, from an industrial point of view it is necessary to consider how the control strategy modifies the aerodynamic properties of the wing profile. To this end, we compute the lift and drag coefficients as C l = 2f l /(ρU 2 ∞ c) and
where f l and f d are the lift and drag forces per (spanwise) length unit, respectively. Table 1 reports the integrated skin-friction reduction and the aerodynamic efficiency C l /C d for the various cases under consideration. The integrated skin-friction reduction is computed both for the controlled region (0.24 < x/c < 0.86) and for the complete turbulent boundary layer, only excluding the region where separation occurs for the Re c = 100, 000 controlled case, i.e. beyond x ss /c 0.95. Our results indicate that, despite the reduction in the skin-friction coefficient, the present control not only reduces slightly C l , but also does not decrease C d . The latter is due to the different pressure distribution at the wall induced by the control, which gives to a higher pressure-drag contribution. This effects cannot be observed in studies on simple geometry without curvature effects, such as TBL developing on flat plate or channel flows, where the pressure-drag is zero. This leads to a reduction of the aerodynamics efficiency of 2% for both Reynolds number under study, a fact that highlights the need of exploring a wider range of control configurations, with the aim of maximising the aerodynamic efficiency.
Conclusion and outlook
In the present work we have discussed an initial assessment of the effects of uniform blowing on the APG TBL over the suction side of NACA4412 airfoil at Re c = 200, 000, which is characterised by a nonuniform distribution of the Clauser pressure-gradient parameter β approximately independent of Reynolds number. Our results show that the effects of blowing on the inner-scaled profiles of the tangential mean velocity and the fluctuations are similar to those of an APG. However, the FIK decomposition shows that the mechanism which leads to a reduced skin-friction is different, since the main contribution to the reduction for APG comes from the pressure-gradient term, while for the blowing control it comes from development term, in particular from the wall-normal velocity. This is in agreement with the previous observations in ZPG TBLs with uniform blowing by Kametani et al. (2015) . It turns out that the effect of blowing is stronger in the region of the flow subjected to a stronger APG. At the present moment it is not possible to discern whether this is due to the already high wall-normal convection at strong β, or to the accumulated effects from the upstream region (see for instance Bobke et al. (2017) and for additional details regarding the effect of flow history). The present control strategy does not improve the aerodynamic properties of the wing profile. For Re c = 200, 000, the integrated skin-friction reduction over the controlled region is of 17%. However, since the drag coefficient C d remains almost unchanged and the lift coefficient C l decreases, the aerodynamic efficiency decreases by 2%. Future work will include a comparison between uniform blowing and the body-force damping employed by Stroh et al. (2016) . The body-force damping will be calibrated to have the same local drag reduction as the one obtained with blowing. Although the two control techniques led to a similar local reduction of the skin friction for ZPG TBLs, they are based on principles which are fundamentally different. The control based on uniform blowing increased the boundarylayer growth, resulting in drag reduction for the uncontrolled region as well, while the body-force damping acts in the opposite way, and the drag is increased in the uncontrolled region. An additional natural extension of this study is to perform a complete parametric analysis aimed at optimising the wing aerodynamic efficiency.
